Recent studies have demonstrated that essential oils, and in particular, pennyroyal, tea tree and anise, have potent insecticidal and acaricidal (mite-killing) activity. The individual components of essential oils are now being investigated in order to give a rational basis to discover which essential oils may prove to be the most effective all-round agents for killing headlice and their eggs, and treating scabies, and for eliminating house dust mites, a major cause of asthma.
Essential oils have been used for centuries as insecticides and insect repellents, for the treatment and prevention of infestations by lice, and in particular headlice [1, 2] . They have also been suggested to be acaricidal, with a potential use in treating scabies, mange in animals or for reducing infestations of house dust mites which cause allergic reactions, such as asthma [3] . Constituents of plant volatile oils have long been known to affect the behavioural responses of pests, with the monoterpenoid components appearing most useful as insecticides or anti-feedants [4] . There is however a surprising difference in the susceptibility of different insect species to different essential oils, and it is therefore not possible to extrapolate from studies done using other species to assume a similar activity in lice. Both lice and mites are evolutionarily highly adapted to their environment, which this may have resulted in such changes. For example, limonene (a major component of lemon oil) and camphor are lethal to house flies and other species of insect [5] , whereas they are not particularly toxic to lice [2] .
The use of essential oils for treating lice
There are three species of louse affecting humans, the head louse, Pediculus humanus capitis, the body louse, Pediculus humanus corporis and the pubic louse Pthirus pubis (Anoplura: Pediculidae) All are blood-sucking ectoparasites, but there has been considerable discussion as to whether head and body lice are distinct species, or sub-species of P. humanus [1] . DNA analysis of patients with dual infestations has now shown that head and body lice generally form genetically distinct populations [6] . Migration of lice from head to body was thought not to occur until recently, when Burgess [1] reported several instances of migration of lice from a heavily infested head to clothing on the upper body.
Head lice are a common problem in most countries, irrespective of wealth or status of patients, and particularly amongst schoolchildren where they are easily passed from head to head. A recent random survey of primary schoolchildren in Wales found that more than one child in ten was infected [7] . Body lice live on clothing and are comparatively rare, especially in wealthy countries, as they are destroyed when clothing is washed. Head lice can only survive for about a day away from the host, whereas body lice are more robust and can survive for much longer periods away from the body. Head lice are considered to be merely a social problem; however, body lice can transmit the agents of serious diseases such as typhus, trench fever and epidemic relapsing fever, and these can cause epidemics in developing countries in areas with unsanitary conditions [8] .
Essential oils, especially tea tree oil, have often been proposed as alternative pediculosis control agents in both scientific and lay media articles but despite this, little research has been carried out into their use, either to evaluate their efficacy or to investigate which essential oils are the most active [9] . There are concerns about the toxicity of synthetic insecticides; so many parents are using essential oil based or other 'natural' remedies to try to treat head lice infestations [10] . Patient acceptability of essential oils is high as they are pleasant to use; however there is some debate over whether these methods are effective or indeed safe, as they have not been tested for toxicity. Although most essential oils are in fact of low (or known) toxicity they can cause irritation or sensitization.
In recent years, research into the use of essential oils for treating lice has increased, and several studies have shown that a number are effective pediculicides in vitro. Some examples include thyme (Thymus vulgaris), tea-tree (Melaleuca alternifolia), and lavender (Lavandula officinalis) oils [11] , as well as clove bud (Syzygium aromaticum [syn. Eugenia caryophyllata]) [12] . In a screening study of 54 plant essential oils against female Pediculus humanus capitis, eucalyptus (Eucalyptus globulus), marjoram (Origamum marjorana), pennyroyal (Mentha pulegium), cade (Juniperus oxycedrus), cardamom (Eletaria cardamomum), myrtle (Myrtus communis), rosewood (Aniba rosaeodora), sage (Salvia officinalis) and rosemary (Rosmarinus officinalis) oils were found to be at least, if not more, effective than delta-phenothrin and pyrethrum, two commonly used pediculicides [13] . Tea Tree oil, and its two major constituents of, 1,8-cineole and terpinen-4-ol, were shown to inhibit acetylcholinesterase at IC 50 values (concentrations required to give 50% inhibition) of 0.04 and 10.30 mM, respectively. These findings supported the hypothesis that the insecticidal activity of tea tree oil is attributable, in part, to its anti-cholinesterase activity, and confirm that terpinen-4-ol is the major active component [14] . Essential oils and their constituents therefore provide a good starting point for investigating the development of novel pediculicides.
Methods of testing essential oils for pediculicidal activity:
Although adult headlice are rather fragile, and are easily killed by occlusive agents (for example paraffins) headlice infestations can still be difficult to eradicate because of the impermeability of the louse eggs to insecticidal agents. Therefore treatment must take this into account, and essential oils appear to have an important part to play in the ovicidal activity of treatments: it has even been suggested that the efficacy of some proprietary malathion-containing lotions owe much of their efficacy to the presence of terpenoid perfume ingredients such as α-terpineol [1] . The method of testing is an important consideration when deciding how to conduct these studies, and ovicidal activity should also be investigated separately, although this does not seem to be the case in many reports. The lice used in testing are usually human body lice rather than headlice, but there are sound reasons for this. The resistance status to insecticides is known, and they are more robust than headlice, and so give fewer false positives during testing. Headlice which have been removed from the scalp for more than a few hours will die anyway, regardless of treatment.
Direct contact and fumigation methods have largely been used to test for pediculicidal activity, and both have disadvantages. A study comparing the lethal activity of oils using both a filter paper contact bioassay with a fumigation assay found that potency was different depending on which method of testing was used. For example, eucalyptus, marjoram, pennyroyal, and rosemary oils were more effective in closed containers than in open ones, indicating that the effect of these oils was largely a result of action in the vapor phase, and neither delta-phenothrin nor pyrethrum (often used as positive controls or standard insecticidal agents) exhibited fumigant toxicity [13] . However, measuring vapour concentrations and assessing the contribution of each of a mixture of compounds of different volatility is also less than satisfactory. The direct contact, filter paper, assay and a newer 'dip' method, will be briefly described here.
1.1.1. Filter paper disc pediculicide assay. Essential oils and their constituent monoterpenes have successfully been tested for pediculicide activity using a simple technique which involves adding the essential oil, diluted in a non-insecticidal solvent such as ethanol, to a filter paper disc held in a glass Petri dish and allowing the sample to spread out and fully saturate the paper [2] . The ethanol is allowed to evaporate completely before lice are placed on the filter paper, the Petri dish then covered, and placed in an incubator. The lice will only be in direct contact with the test sample via their legs, which is a disadvantage of the method highlighted by Burkhart and Burkhart [15] and Yang et al [13] , who suggested that the paper disc assay favours volatile Essential oils for lice and mite infestations Natural Product Communications Vol. 2 (12) 2007 1305 compounds which could be absorbed through the spiracles. However, for essential (volatile) oils the method is adequate, as they will produce a vapour which would then be in contact with the whole louse.
Dip method pediculicide assay.
A dip method is now used at one of the leading institutions for medical entomology, Insect R&D, Cambridge, UK, whereby the lice are held on a piece of gauze and dipped into the test solution ensuring that the louse is completely immersed in the sample. About 20 lice are used in each assay, and carefully placed onto a piece of fine meshed gauze to which the lice cling. This can then be placed in a small Petri dish, and using forceps, the gauze with the lice attached dipped in the test solution for 10 seconds, blotted on paper tissue and returned to the Petri dish. The lice are left in an incubator at 30°C and 70% relative humidity for one hour. After incubation, the lice are washed in shampoo diluted 1:15 with warm water to give as near a real-life scenario as possible, by adding diluted shampoo to the Petri dish and gently shaking. The lice and gauze are tipped into a small tea strainer and rinsed with warm water, blotted on a paper tissue, placed in a new Petri dish, returned to the incubator and left overnight. The following morning, the number of dead, morbid and alive lice can be scored for each test sample and the percentage mortality calculated.
Estimation of morbidity and mortality:
In both assays, lice classified as 'morbid' are not moving around, but could be moving their antennae, head, gut or legs. Lice have the ability to reach an apparently morbid state, but recover just a few hours later [15] and are therefore not scored at regular time intervals but left undisturbed in the incubator overnight. Once a louse has reached a morbid state after an overnight incubation, it is unlikely to recover and the figures for both dead and morbid lice can be included in the percentage mortality figures. If the control group has a mortality rate above 14%, Abbott's Correction formula [16] is applied to the results to take account of the high control mortality.
Assessment of ovicidal activity:
Ovicidal activity can be assessed using a protocol used routinely by Burgess [17] . Adult lice are provided with nylon gauze on which to lay eggs over a twoday period. The lice are removed and the gauze, with eggs attached, is incubated as usual and tests carried out one or two days later. In the report by Priestley et al [2] the sheets of gauze were cut into squares of about 2 cm 2 , which carried approximately 300 eggs (200 minimum). These were immersed in the diluted terpenoid solutions for 10 min, the gauze removed, then blotted and dried of solvent. A control batch of eggs exposed to solvent should be run concurrently with each batch of tests, to correct for solvent activity, and an untreated control batch periodically to ensure that solvent treatment continued to have no significant effect on the background mortality rate. After treatment, batches of eggs were incubated in separate glass Petri dishes, under normal maintenance conditions, until all the nymphs in the control batches had hatched and died. For calculation of percent mortality, all hatched nymphs were classified as having survived the treatment, and those failing to hatch or only partially hatching as having been killed by the treatment.
Effects of individual essential oil components on lice:
As essential oils are very variable in composition, and individual constituents have different insecticidal potencies, the logical starting point for such an investigation is the evaluation of a range of isolated monoterpenoids. Structural features relating to pediculicidal and ovicidal activity can then be determined, and used to both predict the potency of an oil from its composition, and to standardize the constitution of an oil for maximum effect and minimum toxicity. Few studies have attempted to systematically assess the contribution of monoterpenoids, although a few have been assessed as part of other studies, e.g. Yang et al [12] . One recent report describes a range of common individual compounds which were tested in an in vitro toxicity model (filter paper disc assay) against both human lice and their eggs, at different concentrations. Adult lice were observed for lack of response to stimuli over 3h and the LT 50 (time taken to kill 50% of lice) calculated, and the percentage of eggs failing to hatch was used to generate ovicidal activity data [2] . A ranking was compiled for adult lice (Table 1, Figure  1 ), and partially for eggs, enabling structure-activity relationships to be assessed for lethality to both, and showed that for activity in both life-cycle stages, different structural criteria were required.
Structure-activity relationships of terpenes on lice:
Effects on adult lice. Some general structural features of terpenoids are necessary for pediculicidal activity. Mono-oxygenated compounds (a single alcohol, phenol or ketone functional group), were the most active against adult lice whereas nonoxygenated terpenoids were mainly inactive, and di-oxygenated compounds had little or no activity. Flat, compact terpenoids were more effective than extended or bulky structures, and bicyclic compounds, which are more bulky than linear or monocyclic types, had low efficiency even if monooxygenated. Although mono-oxygenation and compact shape appear to be general determinants of activity, more specific structural features are also found in the most active compounds. The six most effective were unsaturated monocyclic structures with a p-menthane skeleton, and the four most effective compounds additionally share a methyl group at position 1; a carbon attached to the ring via either a double or single bond at position 4, to which are bonded two methyl groups; and an =O or −OH functional group at position 3 or 4. The methyl group arrangement seen in the top four ranking compounds may also be a key determinant of activity and is also present in the top seven ranking pediculicidal terpenoids. Furthermore, although the phenols thymol and carvacrol have similar structures and correspondingly similar pediculicidal activities, carveol, identical to carvacrol except that it has a double bond between C7 and C8 that disrupts the methyl group arrangement, has relatively low activity.
Effects on lice eggs. The ovicidal activity of monooxygenated monocyclic terpenoids was also higher in comparison to other structures. There was, similarly, little or no activity from non-oxygenated terpenoids, a mono-oxygenated bicyclic terpenoid (cineole), or the di-oxygenated monocyclic terpenoid menth-6-ene-2,8-diol. Linalyl acetate again showed low activity in comparison to the alcohols. Unlike the pediculicidal assay (+)-and (−)-terpinen-4-ol performed only moderately well [2] .
The effects of essential oils on mites
Mites are not insects, but related to the arachnids (spiders); post-larval stages of have eight legs, larval stages have six legs. Many species are microscopic, but it is possible to see some species (e.g. dust mites) under a magnifying glass. Mites are responsible for the skin disease scabies in humans and for various infestations in animals, but the major problem associated with them is the allergenic reaction produced by the house dust mite, which can cause severe asthma. Essential oils have been proposed as a method for treating both mite infections in humans and animals, and for controlling levels of dust mites. Testing for acaricidal activity using house dust mites is even more problematic than testing for lice, because the mites are so small and very mobile, and again it had been found that using fumigant, closedcontainer methods is most satisfactory (see section 2.2.1).
The use of essential oils for treating scabies and mange:
Scabies, unlike headlice, is primarily a disease of poverty and is an unpleasant condition caused by the mite Sarcoptes scabiei var hominis. It is not only distressing, causing severe itching especially at night, but (not always justifiably) is considered a 'dirty' disease, caused by lack of hygiene and overcrowding. Essential oils have a folklore use for treating scabies, and in Australia in particular, tea tree oil is widely used. Resistance to existing acaricidal compounds is increasing, and treatment failures with lindane, crotamiton, and benzyl benzoate, as well as likely emerging resistance to permethrin and oral ivermectin have already been reported. A study comparing the activity of tea tree oil in vitro with some of its individual active components suggested that tea tree oil has a Essential oils for lice and mite infestations Natural Product Communications Vol. 2 (12) 2007 1307 potential role as a topical acaricide for use in scabies, and confirmed terpinen-4-ol as the main active component [18] . The study was carried out using scabies mites collected from a patient, which were used within 3 hours of collection. The mites were placed in continuous direct contact with tea tree oil products and control acaricides, and were observed at regular intervals. Tea tree oil (5%), and terpinen-4-ol, were highly effective in reducing mite survival times and were comparable to 5% permethrin and ivermectin. In vivo effectiveness was also observed [18] . Another clinical study of 268 prison inmates with scabies used a formulation containing oil of Lippia multiflora (20% v/v in light liquid paraffin) and found it to be superior to benzyl benzoate at the same concentration, although multiple applications were needed in both cases [19] .
Lavender and other essential oils have been suggested as possible treatments for psoroptic mange in sheep and other animals [20] . The mite Psoroptes cuniculi, was tested for its susceptibility to some natural terpenoids by direct contact and by inhalation. Lavender oil and linalool, among others, were found to be effective [21] . In this study, it was also possible to discern a correlation between chemical structure Williamson and acaricidal activity, and the results corresponded with those found in the experiments with lice outlined above [2] , in that molecules possessing free alcoholic or phenolic groups showed the most potent acaricidal activity.
The use of essential oils for eliminating house dust mite infestations:
House dust mites, Dermatophagoides pteronyssinus (European) and Dermatophagoides farinae (American) (Acari: Pyroglyphidae) induce allergic reactions in some individuals which can lead to severe asthma. It has been suggested that essential oils may find an application in their control, by for example adding them to the water used to wash bed-linen or soft furnishings [22] . Surprisingly, where acaricidal activity is concerned, there is little reliable evidence that dust mites are actually susceptible even to the agents used as standard acaricides, and reports are conflicting. For example, a study comparing the activities of eucalyptus and laurel essential oils with that of benzyl benzoate in laboratory conditions indicated that benzyl benzoate was less effective than previously thought, and may need more frequent application than stated in the manufacturer's instructions [23] . Although in this test, eucalyptus and laurel essential oils were shown to have little acaricidal activity, another study found that adding eucalyptus oil and benzyl benzoate to laundry killed mites and reduced the incidence of allergens [22] . These discrepancies suggest that dust mites are either able to somehow acquire resistance to some essential oils, or that assay methods are not reproducible. A new in vitro assay for dust mites was developed to try and overcome this problem [3] . However, regardless of the method used to expose the mites to the test agent, closed containers were more effective than open methods, confirming results found when testing lice
Essential oils with acaricidal effects on dust mites:
A summary of the most important essential oils against dust mites is given in Table 2 . The most active compounds on mites correlate well with those which are most toxic to lice. For example, tea tree, lavender and lemon (Citrus limon) oils were recently tested against D. pteronyssinus, and the most active found to be tea tree oil, which correlated with its effects on lice [3] and with previous reports on the scabies mite [18] . Lavender oil was moderately effective, and lemon oil had a lesser effect, which fits with the results shown in Table 1 for their major consitutents. The acaricidal effects of tea tree, pennyroyal, ylang ylang (Cananga odorata), citronella (Cymbopogon nardus and C. winterianus), lemon grass (Cymbopogon citratus and C. flexuosus), and rosemary have also been tested on house dust mites, and the most effective found to be pennyroyal, which consists mainly of pulegone and again reflects its action against lice (see Table 1 ) [24] .
Clove bud oil-derived eugenol and its congeners (acetyleugenol, isoeugenol, and methyleugenol) have been assessed for activity against adults of both Der. farinae and Der. Pteronyssinus, using both direct contact application and fumigation methods for comparison. The standard compounds benzyl benzoate and N,N-diethyl-m-toluamide (DEET) were also tested and were much less active than methyleugenol, isoeugenol or eugenol. In fact, very low activity was observed with DEET. There were some differences in responses to individual compounds between Der. Farinae and Der. pteronyssinus, but not in their rank order of potency. The typical poisoning symptom of eugenol and its congeners was a similar death symptom of the forelegs extended forward together, leading to death without knockdown, whereas benzyl benzoate and DEET caused death following uncoordinated behaviour. Once again, compounds were much more effective in closed rather than in open containers, indicating that the mode of delivery of these compounds was largely due to action in the vapor phase [25] . Another test which compared essential oil components to synthetic acaricides, found that the acaricidal activity of p-anisaldehyde (from anise seed Pimpinella anisum oil), was superior to benzyl benzoate and N,N-diethyl-m-toluamide (DEET) [26] .
The results of all these studies demonstrate that essential oils, and in particular, pennyroyal, tea tree and anise, have potent insecticidal and acaricidal activity, and that toxicity of a particular oil or constituent to mites closely follows that of lice. In fact, it appears that there is more correlation here than between different species of insects, possibly due to their adaptation to similar environments. Recent studies looking at individual components of essential oils is giving a rational basis to focusing of which essential oils may prove to be the most allround effective pediculicides and substantiates results obtained from testing whole oils. It also supports the anecdotal use of tea tree oil as a headlice treatment and for treating mite infestations such as scabies, and identifies the active constituent as terpinen-4-ol as the most effective compound against both adult lice Essential oils for lice and mite infestations Natural Product Communications Vol. 2 (12) 2007 1309 (although less effective against eggs) and the scabies mite. As a result, the insecticidal and acaricidal activities of an essential oil can be predicted from its composition to some extent, and the studies described here also demonstrate that natural head louse remedies made from essential oils should be standardized to produce consistent results. They also support the use of mixtures of oils in some instances: for example the addition of nerolidol -or an essential oil rich in this compound -which is particularly lethal to eggs (but ineffective against adult lice), could be used to enhance ovidical activity. Terpenes or oils which are toxic or irritant can also be avoided, and more innocuous substances substituted if equivalent activity can be found.
Great care must be taken when applying essential oils directly to the skin, as some cause irritation or sensitization in the concentrations required for efficacy. To teat scabies for example, non-toxic oils such as tea tree and anise would be suitable, but pennyroyal and other more toxic oils or compounds may be more useful in treating house dust or other mites where humans are not exposed directly to them. Being volatile, essential oils can easily be removed from the environment after use. However their volatile nature may also aggravate respiratory conditions, including the asthma they are intended to alleviate and skin sensitization is a possibility. This may not be as much of a problem as perceived: rosemary oil, which is known to provoke sensitisation and irritancy in some individuals, was recently found to suppress interleukin-13 induction by house dust mite allergen and may, at least partially, prevent allergic airway inflammation induced by house dust mite [27] . [26] 
